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Introduction
Abstract

Hard tissues
are unique
in that
their
calcified
matrix has a relatively
undistortable
form that is not dependent on the presence of the
cellular
or water component.
The fit of the
surface of the matrix to the cells
that form it,
maintain
it,
or resorb
it is precise.
The
matrix,
therefore,
constitutes
a replica
which
can tell
us much about the physiological
status
of the tissues
even once the cells
have been
removed. The hard tissue matrices
contain
less
water than cells,
and may shrink and distort
less
than other types of sample in preparation
for SEM
study.
Formation and resorption
of hard tissues are
surface phenomena,and the physicochemical
nature
of the interface
between the cells and the tissue
below that is their
product
or target
is one
factor that controls eel l ul ar activity.
Interest
in cell-matrix
interactions
has grown lately
as
research
workers in all
fields
have begun to
discover how great is the interplay
between the
two in the embryology, construction,
maintenance
and destruction
of tissues.
We are especially
fortunate
in
that
hard
tissues
grow
appositionally
rather than interstitially,
so
that the history of the development of the tissue
is fossilised
and the incremental
pattern
is
available
to us at a later
time.
The low
turnover
rate of mineralized
tissues,
or its
absence, increases
the recorded data available
for our interpretation.
Some hard tissues
such as enamel
and
acellular
cement, have surfaces
only at their
outer boundaries;
others also have internal
cell
matrix surfaces,
for example, dentine,
cellular
cement and calcified
cartilage;
a third category
such as mammalian
bone,
vasodentine
and
vasocementum,
and cartilage
with vasocanals,
have,
in addition,
vascular
channels
incorporated
in the tissue.
The markings that are left embedded in the
tissue as a result of past cell activity,
and the
cell-intercellular
matrix or cell-matrix
surface
imprints
or interfaces
provide
the scanning
electron
microscopist
with a wealth of data from
which to assess physiological
and pathological
aspects of mineralized tissues.

The interface
between cells
and matrices in
mineralized
tissues
formed in vivo has been
studied mainly by looking at the matrix surface,
which is easily
prepared,
and not at the eel l
surface,
which presents
problems.
Vertebrate
calcified
tissues
range from being acellular
to
highly cellular,
but for all the tissues
the
formative
cells
lay down and organise
a cellspecific
matrix, although this may be deposited
initially
on a different
tissue-type.
The
formation of hard tissues
is a group activity
of
many cells;
resorption
is the province
of one
cell,
though it may be controlled
by others in
the vicinity.
Cell-matrix
interfaces
that develop in vitro
have also mainly been studied at the matrix side.
The main difficulty
with in vitro studies of hard
tissue interfaces
is that the eel ls do not have
the same activity
or even cellular
functions as
they had in vivo under the complex control
of
physiological
regulation.
The question
of
osteoblastic
osteoclasis
falls
into this categor~
It is possible
to provide new substrata
for
both formative and resorptive
hard tissue cells
to test for the interaction
between the cells and
the 'matrix'
on to which they are seeded.
The
changing
cell-matrix
interface
may also
be
modelled
using
computer
simulation
of
osteoclastic
movement across a substrate
based on
known patterns
exhibited
by other eel l types in
vitro.
Comparison with the shapes of complex
resorption
pits shows a surprising
match, This
suggests that the track of the osteoclast
due to
cell motility
and the bone resorptive
mechanism
resulting
in pits along that track are likely to
be separately
controlled
phenomena.
Key words:
cartilage,
osteoclasts,

Bone disease,dentine,
enamel, cement,
formation,
resorption,
osteobl asts,
ameloblasts,
chondroblasts,
SEM.
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figure
l. Osteoblasts,
osteoid,
and bone
containing
osteocytes
in rat cal varium.
Fixed
glutaraldehyde
and osmium,
ethanol
freeze
fractured - and CPD. Fieldwidth = lBµm.
figure
2. Odontoblasts
separated
from their
predentine
matrix in rat incisor,
fixed in 2%
Os □ 4 in boric
acid borate buffer,
CPD and dry
dissected;
showing parts of the cells which were
in contact with their shared product, predentine.
Fieldwidth = 64µm.
figure
3. Surface of enamel matrix in anorganic,
freeze-dried
human deciduous
incisor.
The
depressions
in this
surfaces
were made by
secretory pole processes of the formative cells,
ameloblasts.
Fine structure
in the surface shows
growth of ice crystals
at the frozen stage.
There are also depressions
made by secondary
processes of the main cell process. Fieldwidth =
37JJm.
Figure
4.
Surface
of bone matrix
of rat
cal varium after removal of osteoblasts,
leaving
one future osteocyte in its half formed lacuna at
the surface.
It is not possible
to distinguish
the parts of the matrix made by individual
cells.
Fieldwidth = 69,um.
Figure 5. External surface of a developing human
molar showing the deposition
of enamel on fhe
surface of dentine matrix (bottom half of field)
illustrating
temporo-spatia
l gradation
of eel l
differentiation
and of tissue development.
Fieldwidth = 9lµm.
figure 6. Resorption-formation
coupling of cement
on enamel in a horse molar tooth.
The completed
enamel surface is resorbed by osteoclasts;
then
repaired by cementum. Fieldwidth
= 20Qum.

The interface
between secreting
matrix they are forming

cells

in shaping
the surface
and control ling
the
assembly and orientation
of the macromolecules
within it.
The secretory
territory
of one eel 1,
or the shape of its secretory
pole, will change
with
alterations
in the
rate
of matrix
deposition.
Nevertheless,
although
in some
tissues,
such as enamel, the individual
cellular
footprints
are clearly
defined
(Fig.3), for most
connective
tissues
it is the functioning
patch
of cells
that is important
in structuring
the
matrix (Boyde, Reith and Jones, 1977), and they
work together
(Fig.
4).
The amount
and
organisation
of matrix produced may reflect
the
response
of groups
of cells
to local
requirements,
in the case of skeletal
tissues and
reparative
dental tissues,
or be graded according
to the temporospatial
location
of cells
in an
incremental
layer,
such as when dental tissues
develop
in a tooth (Jones and Boyde, 1984:
Fig.5), or bone is formed in an osteonal closing
cone.
The interface
have formed

between cells

and the matrix

they

This surface
has the organic
matrix and
mineral surfaces
coincident:
no unmineralized
matrix remains . The matrix has, therefore,
a
robust interface
with the eel ls and this can be
exposed with little
or no damage.
It tel ls us
about what has happened, but little
or nothing
about what would have happened next, particularly
in calcified
connective tissues
like bone where
formation may stop, only to start again later, or
be followed by resorption.
There is, of course, an intermediate
stage,
where matrix
formation
has stopped,
but
mineralisation
has not yet reached the surface.
This unmineralized matrix may be mature enough to
resist
solution,
and less
susceptible
to
shrinkage
artefacts
because of its lower water
content.
At both forming and formed interfaces,
the
cell and its matrix are matched: for example, the
ameloblast
makes and reacts with enamel;
the
osteoblast
the same with bone, whether the cells
are actively
secreting
or have ceased to do so.
However, formative
cells
also interact
with
dissimilar
matrices.
For example,
enamel is
deposited by ameloblasts
on dentine matrix (Fig.
5), osteoblasts
form bone on calcified
cartilage,
and cementoblasts
form cementum on enamel (Fig.
6).
Nevertheless,
the tissue
formed
is
characteristic
of the cell
type,
not the
underlying
tissue
that stimulated
new matrix
deposition
by the eel l.
The tissue
at the
interface
becomes cell-specific
and cell
organized.

and the

The matrix components that a hard tissue
forming cell secretes assemble outside the cell,
changing their size and relative
proportions
as
the tissue
matrices
mature prior to or during
mineralization.
Some proteins,
small peptides
and glycosaminoglycans
may be soluble
and lost
from the surface layer during specimen handling
for SEM. They can also be distorted
during
drying,
for the water content
of most of the
matrix immediately next to the secretory pole of
the eel l is relatively
high (Fig l ). The depth of
this vulnerable
layer will be greatest where the
secretory
rate is highest,
and minimal after
temporary or complete cessation
of secretion
as
the surface tissue has an opportunity
to mature.
Another factor of importance will be the extent
of the interdigitation
of the secreting
cells
with the matrix.
This can greatly
increase
the
area of the interface
at the surface of a tissue
and make drying distort ion more likely
(Fig. 2).
Mechanical
removal of the cells
to expose the
interface
may also cause damage to the surface
and change its topography.
Our interest
in the solubility
and
disturbability
of the surface in contact with the
cells stems also from the role the cells may play

The interface between cells
or cell processes
the intercellular
matrix within hard tissues

and

Most mammalian enamel probably
contains
eel lular elements only as a result of odontoblast
processes
crossing
the junction
between the
matrix of dentine and enamel and infiltrating
the enamel whilst this is still
mineralizing•
In
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Figure

7. Layer

of osteoblasts
separated
from
aspect neonate rat calvarium,
showing
interface
with the matrix surface
(such
in Fig. 4).
A future
osteocyte
pulled
half formed lacunae
is attached
to the
top.
Fieldwidth
= llOµm.
Figure
8. Osteocytes
inside
neonatal
rat
calvarium
exposed by sticking
epoxy to the free
bone
surface
and
then
stripping
it
off.
Fieldwidth
= 42µm.
Figure
9. Alcohol
freeze
fractured,
CPD, rat
molar showing odontoblast
processes
in dentine
tubules.
Fieldwidth
= 22µm.
Figure 10. Polished
surfaces
of rhinoceros
molar
dentine
imaged
with
BSE to
reveal
the
distribution
of
the
densely
mineralised
intratubul
ar (peri tubular)
dentine phase.
Note
the different
amounts of this material
made by
neighbouring
cells.
Fieldwidth
= 204µm.
Figure 11. Osteocyte lacuna exposed by fracturing
bone.
Cortex of middle phalanx of human finger.
Fieldwidth
= 22µm.
endocranial
the cell
as shown
from its
layer at
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others, however, cell debris may remain in enamel
as tubules
(see e.g. Lester,
1987) or as the
"cells"
of Tomes (1850).
The latter
may include
parts of ameloblasts
nipped off in the enamel due
to complications
of decussation.
Acellular
cementum,
and acellular
bone in teleosts,
incorporate
neither cell bodies nor processes.
In
other mineralized
tissues,
cells
may leave the
surface layer (Fig. 7) to be incorporated
within
the tissue
(Fig
8),
and then
operate
as
individuals;
or the embedded process of a cell
(Fig 9) may form matrix
around itself
at a.
different
rate from its neighbours
though all
keep pace with surface
matrix formation
(Fig.
10). The calcified
connective
tissues
that do
contain
cells
present
a problem
of
interpretation,
for it is difficult
to determine
the fit
of the cells
to their
lacunae
or
canal icul i:
we do not know how thick is, in
life,
the fluid-filled
pericellular
space at the
cell-matrix
interface.
The ability
of the housed
cells
to move is negligible,
however.
They may
only respond to environmental
or hormonal
challenge
by secreting
more and reducing
the
volume available
to them, or by mobilising
the
matrix or mineral around themselves.
Although we
have searched for it,
we have found no evidence
for collagen
disruption
at the interface
with
osteocytes
(Fig. 11),
The new matrix formed at a perilacunar
or
peritubular
location should really be designated
intralacunar
or intratubular.
It is usually
distinct
from the remainder of the tissue matrix
both as regards
the matrix component and the
mineral aggregates that form within it.
It tends
to obscure
the fibrillar
detail
previously
present at the eel 1-matrix interface,
having an
al together finer textural
appearance (Figs. 12 &
13). The submergence of the fibre pattern means
that there is no longer a record at the interface
of how the coll a gen pat tern formed adjacent
to
the eel l membrane. In lamel lar bone, this means
that the first-formed
walls
of lacunae can no
longer be differentiated
from the last-formed
by
their
degree of fibre
organization;
and the
presence
of longitudinally
(Fig. 14), rather
than circumferentially,
organized collagen in the
walls
of dentine
tubules
can no longer
be
detected.
The walls of the chrondrocyte
lacunae
also
change,
both within
the non-calcified
regions
where interstitial
growth
may be
occurring
(Fig.
15) and at the tidemark
or
minera
liz.ation
zone
where pericellular
mineralization
may precede that in the rest of
the matrix. (Fig. 16). However, the intralacunar
mineralized
matrix
typical
of bone is not
usually
found around
chondrocytes
in the
temporary cartilages
(Boyde and Jones, 1983).
The interface
tissues.

between

resorbing

eel ls

and calcified
cartilage
using, so far as we know,
a common basic mechanism of resorption.
The
matrix
dictates
the fine structure
of the
interface
by its chemicophysical
responses to the
etchant environment
created by the osteoclast.
The osteoclast
responds
to the physical
conformation of the surface and to the chemicals
released
at the surface.
At a grosser
scale,
the eel l carves a new surface from the given or
chosen fabric,
interacting
with other cells
on
the surface,
and under the control
of local and
systemic hormones and factors.
Usually,
at the beginning
of a resorptive
episode,
the matrix at the cell
interface
is
mineralized.
Indeed,
many believe
that
resorption will only occur if an exposed mineral
surface
is presented
to an osteoclast.
Such a
mineralized
surface
is dimensionally
stable.
However, if the tissue
is collagenous,
a very
narrow,
demineralized
fringe
will
soon be
produced
at
the
interface
below
the
osteoclast's
ruffled
border (Fig. 18 & 19). The
degree of distortability
of this fringe
will
depend
on its depth and solubility.
This, in
turn,
depends on the relative
amounts of the
secretory
products
of the osteoclast
and the
speed of resorption,
as well as the constitution
of the matrix
being resorbed.
Whether the
collagen
fringe is completely removed by the end
of a resorptive
attack may depend not only on the
movement pattern
of the osteoclast
but also on
continued breakdown of demineralized
matrix, once
that cell
has left
the site.
This continued
breakdown could be aided by other cells,
for
example, nearby macrophages or even osteoblasts
as they migrate into the resorption
site.
It has been suggested that formative cells,
such as osteoblasts,
may modify the surface of
the matrix they have secreted in order to enable
its resorption
by osteoclasts.
This is quite
different
from the cellularly
controlled
modification
of matrix components that occurs
in, for example, amelogenesis.
One hypothesis
is
that in response to bone resorption
stimulating
hormones,
collagenase
is secreted
by the
osteoblasts
and digests unmineralized
collagen
(Sellers
et al, 1980; Chambers et al, 1985).
This would expose mineral
at the cell-matrix
interface
that would be recognised
by, and
activate,
osteoclasts
and their precursors.
This
hypothesis
does not fully
explain
why osteoid
does not usually
resorb, would give a positive,
aggressive
role to the osteoblasts
in the process
of osteoclasi~
and support osteocytic
osteolysis.
There is evidence
that
latent
collagenase
produced by osteoblasts
is incorporated
in foetal
bone and
that
cultured
foetal
or neonate
osteoblasts
can secrete collagenase
(Heath et al
1984). Osteoclasts
might also activate
latent
col lagenase already in the matrix. In our own in
vitro experiments, without added hormones, but in
the presence
of serum,
we have failed
to
demonstrate
the
resorption
of reprecipitated
Type I collagen
by osteoclasts
(or osteoblasts)
in a mixed bone eel l population
except as rare
incidents.
However, there are some problems
concerning
this
hypothesis
which need to be
resolved
(Jilka and Hamilton, 1985).

and hard

This interface
is quite different
from all
the others in that the cell
type remains the
same, but the matrix with which it reacts
when
fully functional
may be any one of the calcified
tissues.
Osteoclasts,
in vivo, resorb enamel,
(Fig. 6 and 17) dentine,
bone (Fig. 18), cementum
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12 & 13. Fractured horse incisor dentine
showing the collagen fibril
matrix pattern of the
intratubular
dentine
in figure
12 and its
obscuration by peritubular
dentine, partly in the
right tubule of figure 13 and completely
in the
left hand tubule.
Fieldwidths
= 9µm.
Figure 14. Ethanol freeze fractured,
CPD, human
dentine showing longitudinal
collagen orientation
at the lining surface of a tubule in predentine.
Mineralized dentine towards top right. Fieldwidth

even when the sharp edge of the resorption
pit
was in osteoid,
not bone.
The collagen
below
osteoblasts
which were cultured
on their bone
surface
in the presence of parathyroid
hormone
for hours
or up to 3 days also
showed no
disruption
unassociated
with osteoclasts
(Fig.
20).
It could be argued that the layer is so
thin that it is not detectable
by SEM. However,
although
resorption
usually
occurs into bone
surfaces
that are resting
in nature,
with the
mineral and matrix surfaces coincident or nearly
so, this cannot ah,ays be the case, particularly
in the young, rapidly
growing animal (Fig. 21).
If the intervening
layer is thicker than the socalled lamina limitans,
then we should be able to
detect
its
(patchy)
disruption
prior
to
osteoclastic
osteoclasis.
The argument that the
period of osteoid disruption below osteoblasts
is
too transitory
to be detected,
and that the site
would inmmediately
be occupied and resorbed by
osteoclasts
(Chambers and Fu! ler,
1985), is not
compatible either with the morphological
evidence
obtained from adult bone, since the sites of new
resorption
or extending
resorption
are shaped
with respect
to the osteoclast,
not a group of
osteoblasts:
or with the facts
acquired
by
Chambers and col leagues themselves - they have
shown that it takes several
days for osteoblasts
(even when cultured in the presence of very high
concentrations
of parathyroid
hormone) on their
original
matrix or separated bone cells seeded on
to a cleaned
matrix to be able to affect
the
osteoid,
which is much too slow a process to be
possibly physiological.
In addition,
we know that breakdown products
of bone matrix
are not essential
for
a
chemotactic
effect
on osteoclast
precursors:
equine enamel resorption
(Figs. 6 & 17) occurs
when osteoclasts
supplant ameloblasts
(Jones and
Boyde, 1974).
Isolated
resorption
pits,
completely
surrounded
by osteoid (Reid, 1986),
also suggest that resorption
into osteoid cannot
always
have spread
from areas
where the
osteoclasts
have prior access to surface mineral;
already
activated
osteoclasts
must be able to
continue to function at such sites.
Finally,
our
experiments
demonstrating
the resorption
of
different
substrates
in vitro (Jones et al, 1985)
suggest
that
the osteoclast
could
detect
subsurface mineral by proton production which may
occur within
the extracellular
compartment
bordered by the clear zone whether or not the
cell is attached to a superficially
mineralized
tissue.
The released calcium (or magnesium) ions
could then be the stimulus for protease secretion
into the acidic microenv ironment.
Thus a thin
layer of osteoid (or predentine
or precementum)
would not constitute
a barrier
to resorption
by
osteoclasts,
although a thick one might.
In summary, in lamellar
or laminar bone, we
have failed
to find
evidence
for an in vivo,
osteoblastic
osteoclasis
prior to resorption
by
osteoclasts
by SEM examination
of the matrix
interface
with the bone cells.
The fact that, in
vitro,
osteoid
(or equivalent
unmineralized
matrix) rarely
resorbs,
but the mineral surface
below will when exposed by removing the osteoid,
does not support the first
hypothesis
any more

Figures

= 38µm.
Figure 15. Fractured,

CPD, 17 day mouse foetal
digit
showing pro! i ferating
chondrocytes
in
re l at i on to t he i r u nmi n er a l i z,e d mat r i x.
Fieldwidth = 50µm.
Figure
16.
Anorganic
preparation
of the
mineralizing
front of the articular
cartilage
in
rat caudal
vertebra
showing
pericellular
mineralization
of the cartilage
matrix.
Fieldwidth = 458µm.
Figure 17. Horse molar enamel surface resorbed by
osteoclasts
showing fine
details
of etched
enamel prism structure
(this surface would later
have been covered
by cementum deposition).
Fieldwidth = 22µm.

An alternative
hypothesis would be that the
osteoblasts
have a permissive
rather
than a
direct
resorptive
role particularly
in adult
bone. Under the stimulus
of local or systemic
hormones, such as prostagl an dins or parathyroid
hormone, the eel ls could produce a factor
independent of bone matrix or matrix degradation
products
- that
attracted
and caused
the
differentiation
of preosteoclasts.
(This is
consistent
with the presence of large numbers of
osteoclasts
divorced
from bone in giant cell
tumours, where the stromal cells are believed to
be neoplastic
osteoblasts).
The osteoblasts
would no longer be producing
matrix,
but this
would continue to mature, and be mineralized,
perhaps at an increased
rate.
The integrity
of
the intercellular
junctions
between
the
osteoblasts
would be lost,
permitting
access to
the bone surface by the osteoclasts,
which would
displace the non-secretory
osteoblasts.
The essential
difference
between these two
hypotheses
is whether, in vivo, the osteocl ast
only detects the presence of calcium (phosphate)
because
of prior
enzymatic
action
by the
osteoblasts.
What evidence can we gain from the
cell-matrix
interface?
Unequivocal evidence for
the first
hypothesis
would be an appearance of
partially
digested
collagen,
or osteoid, on the
bone matrix surface.
SEM would seem to be the
ideal tool to use to search for this, since vast
areas of surface could be surveyed.
This we have
done, examining with special
care those areas
immediately next to resorption
loci.
The reason
for this is that osteoblasts
in those areas may
be the next cells
to be replaced by osteoclasts
and hence would be more likely
to be in a
resorptive
phase,
if
such exists.
We have
failed
to find evidence for this in laminar or
lamellar
mammalian bone, including
human bone,
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Figure
18.
Resorbed
bone matrix
surface,
endosteal
asµect
of rabbit
femur cleaned
by
washing with jet of saline.
Recent resorption
(just
top right
of centre)
is indicated
by
demineralized
collagen
fringe.
Osteoclast
making
this resorption
lacuna
would have been moving
towards
bottom
left
field.
Other
parts
of
surface show prior resorption.
Fieldwidth
= 96µm.
Figure 19. Similar preparation
to Figure 18, but
with an osteocyte
still
in its lacuna at centre.
This osteocyte
lacuna
is exposed
by recent
resorption
as evidenced
by rough, demineralized
collagen
fringe in surrounding
Howship's lacuna.
Fieldwidth
= 6Oµm.
Figure 20. Endocranial
aspect
of neonatal
rat
calvarium
cultured
in vitro
in presence
of
parathyroid
extract
for 3 days,
CPD.
Some
osteoblasts
were removed by adhesive
stripping
to reveal
intact
fibril
lar
pattern
of
the
osteoid
matrix.
Osteoclastic
resorption
has
occurred,
e.g.
at centre
bottom
of field.
Fieldwidth
= 176µm.
Figure 21. Anorganic preparation
of human Sharpey
fibre bone showing resorption
extending
through a
mineralizing
front:
this bone was covered
by
osteoid.
Fieldwidth
= 122µm.
Figure 22. Endocranial
aspect
of three day rat
cal varium cul tu red for 24 hours in MEM+ serum.
The matrix surface
shown here has formed during
the culture
period.
It has the random collagen
fibril
orientation
typical
of woven bone.
The
matrix formed by the same osteoblasts
in vivo had
oriented
fibrils.
Fieldwidth
= 18µm.
figure
23. Rabbit osteoclast
cultured
for 24
hours on cut surface
of male sperm whale dentine.
Fieldwidth
= 49µm.

embryonic tissues.
Thus t oath germs wi 11 begin
to grow, but not much hard tissue
develops,
and
embryonic bones will
enlarge,
but the cartilage
and bone are not highly
ordered.
The continued
production
of a lamellar
structure
or its
development
from woven bone are things
for the
future.
Thus, whi 1st we can observe
the live,
formative
cells
moving on different
substrates
and see their
relationships
to one another
and
the substrate,
it is not presently
possible
to
maintain them so that a normal, calcifying
matrix
of an appreciable
thickness
results.
The eel ls
need to act in concert,
in a rhythmic
fashion,
controlling
both the fine structure
of the matrix
and its mineralization,
in order to make layers
of hard tissue.
Resorption
is a different
matter:
it is a
simpler
process
to study in vitro
(Figs. 23 and
24).
One reason for this is that osteoclasts
can
work alone,
out of contact
with any other cell.
Tissue destruction
is a more standard
process:
in all probability
the secretory
products
are
identical
whatever the substance
being resorbed.
The relative
amounts of protons
to proteolytic
enzymes secreted
by osteoclasts
may vary
with the culture
conditions.
The ultramicroscopic
fringe
of demineralized
collagen
seen
lining
resorption
cavities
produced
in vivo is
usually
much thinner
than the equivalent
lining
produced
in in vitro
resorption
(Fig. 25).
Thus
from the morphological
evidence
at the cellmatrix
interface,
it would seem that,
in cell
culture,
the osteoclast
is more proficient
at
proton than protease
production.
This holds for
resorption
of dentine,
cementum and lamellar
bone. It is notable
that the demineralized
fringe
does not seem to disappear
in vitro even when the
resorption
lacunae are vacated by osteoclasts
and
covered by osteoblasts.
If these are producing
collagenolytic
enzymes, they have little
effect
on the substrate.
Enamel is the only non collagenous tissue
that resorbs,
and is the one with
the highest
density.
The etch pat tern
that
results
in vitro is dependent,
as in vivo, on the
arrangement
of the enamel crystals
packed within
prisms, and the section
of these presented
to the
osteoclast.
The area resorbed appears to increase
and the depth
decrease
with
an increase
in
mineral density
of the substrate.
The extent
of the interface
of a resorbing
cell
with its matrix will
vary according
to its
functional
status.
However, the territory
of an
osteoclast
can be clearly
subdivided
according to
the different
functional
regions that can be seen
on the cell
surface
approximal
to the tissue,
(Fig.
26).
This
subdivision
is easy
to
appreciate
when osteoclasts
are maintained
in
vitro on a calcified
tissue.
The total
territory
exceeds the resorptive
secretory
territory
by a
variable
amount.
What the relationship
is
between
these two parameters,
and whether it
tells
us anything of significance
about the cell
activity,
is as yet unknown. The seal formed by
the clear
zone of the osteoclast
may also,
like
the specialized
junctions
at the apical
ends of
secretory
epithelical
cells,
serve to confine
particular
eel l surface receptors
to the relevant
functional
regions.

than the second.
The normal mechanism for the
removal
of osteoid
in vivo is to allow
it to
mineralize
by the
normal
mineralization
mechanism.
Further
work is needed to clarify
this issue of osteoblastic
osteoclasis.

In vitro
interfaces

studies

of hard tissue

cell-

matrix

At all
the surface
sites,
the changing
relationship
between
the cell
and the tissue
surface,
and the organising
role
of the live,
motile
unit on the pliable,
immature,
matrix
constituents
it has secreted,
are the dynamic
features
we try to imagine
from our still,
SEM
pictures.
Tissue
culture
offers
a way of
observing
formation
or resorption
of mineralized
tissues
by light
microscopy
without
the
constraints
of a live animal, and of putting
our
SEM "stills"
into a living
context.
However, the production
of hard tissues
out
of the body is a difficult
affair,
because of the
need to regulate
the cell
activity
to mimic that
of the vivo situation
(Fig. 22).
Hard tissues
have temporospatial,
functional
and nutritional
requirements
for their
development
that are not
easily
maintained
for long in vitro.
The best
results
are usually
gained
from culturing
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Figure
24. Resorption
pits
caused
by chick
osteoclasts
on a cut surfaces
of adult
human
compact bone.
The direction
of progression
of
the eel ls at centre
was from right
to left.
Compare this with the in vivo resorption
shown in
Fig.
18. (Fig 24: Courtesy
of Stephen
Reid).
Field width = l83µm.

Figure
25. Resorption
pit
made by rabbit
osteoclasts
in 48 hour culture
on human femur
compact bone.
Cells
removed by washing.
CPD.
Note the
thick
demineralized
collagen
fringe
which has clumped in the drying process.
Fieldwidth
= 59µm.

Figure 26. Osteoclast
at endocranial
surface
rat calvarium
turned
back from the surface
that
the ruffled
border
zone,
previously
contact
with the resorbing
bone, is exposed
view. Fieldwidth
= SOµm.

Figure 27. Endocranial
aspect
of rat calvarium
showing
several
osteoclasts
which have been
resorbing
parts
of the
surface
exposing
osteocytes
in their
lacunae.
Osteoclast
at
centre has three active
resorption
sites at ends
of its three projections.
Fieldwidth
= l83µm.

of
so
in
to
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The extent of spreading on a substrate
will
depend on many factors,
as it does also in vitro
(Fig. 27). Firstly,
the nature of the material
presented
for an interface
is most important.
The ability
of the osteoclast
to adhere to it and
spread, and the movement of the eel l over the
substrate
wi 11 be affected
by the chemistry
of
the material
and its reaction
with components
both in the culture
medium and secreted
by the
cell.
The response
of cells
to hormonal and
chemical
change in the medium will be different
on different
substrates,
and this will affect the
extent of the interface
between them. Secondly,
the release of components from the substrate
will
not only change the nature of the interface
on
the matrix
side,
but also
the
opposing
cytological
features.
Thus the release
of
calcium or magnesium ions from the tissue
in
response to proton production may be followed by
an increase in plan surface area of the ruffled
border of the osteoclast,
or true surface area
once cavitation
begins.
This may increase
the
ruffled border proportion
of the interface
area.
A greater
build-up
of Ca and/or Mg ions in the
closed compartment of the clear zone surrounding
the ruffled
membrane might finally
trigger
anincrease in locomotory activity,
with one or more
leading edges extending
so that the interface
area not associated
with ruffling
activity
becomes relatively
greater.
The controlling
factors for the restless
or pulsatile
movement of
osteoclasts
are still
a matter for conjecture.
We
find
evidence
for
episodic
osteoclastic
translocation
both in vivo and in vitro (Figs. 18
and 24).
Such movements are not,
however,
confined to cells on resorbable
substrates,
since
they also occur on plastic
and glass.
Finally,
it should not be forgotten
that temperature
change or fluid movement will affect the extent
of the interface,
whatever the substrates.
The profile
of the interface
developed
by
moving resorbing cells can give us information on
the direction
of eel l movement (Figs. 18 & 24).
The profile
is not symmetrical,
the greatest
depth being displaced
away from the advancing
edge of the conjoined
lacunar system.
Symmetry
is more a feature
of an initially
sedentary
osteoclast
acting on a virgin surface.
We have been interested
in determining
how
closely
we can match the patterns
of resorption
produced
on flat,
new surfaces
by isolated
osteoclasts,
using computer predictions
for cell
movement based on published
data of the movement
of other eel l types on plastic
(Figs. 28 -31:
Smith et al, 1985).
In this we ignore the total
cell-substrate
interface
and assess
only the
evidence
of ruffled
border
activity
- the
resorption
locus.
We have found that
by
controlling
the persistence
and distance
functions
(Enteneuer
et al 1984; Lev inst one et
al, 1983) a good match can be obtained.
Evidence
from the plan view of the resorption
tracks,
showing the sitings
and extent
of ruffled
membrane territory,
and simulated
patterns
generated by the computer programme suggests that
the translocatory
movements
of the osteoclast
during the resorption
of calcified
tissues
closely
resembles
the persistent
random walk

(Gail and Boone, 1970) exhibited
by cultured
fibroblasts
or cell fragments on plastic,
rather
than a pure random walk. However, abrupt directional changes similar to those recorded for other
cells
(Albrecht
- Buehler,
1979) do occur, as
evidenced
by the resorption
pattern,
possibly
because of cell-cell
interactions.
Setting the
persistency
factor high allowed the generation of
good simulations
of resorption
patterns
seen on
bone and dentine.
This suggests the osteoclastic
motility
pattern
and the resorption
activity
resulting
in cavitation
of the substrate
are
separately
controlled
phenomena.
It is obviously
easy to study the movement
of osteoclasts
on plastic
using light microscopy
only,
but it is of much greater
biological
significance
to study the cells on a mineralized,
biological
substratum
because
of the unique
interaction
of the osteoclast
with the surface it
traverses.
This is more meaningful
when the
time-lapse or video recording light microscopy of
the resorbing cell is matched to SEM information
on the shapes and depths of lacunae produced.
The interface
between
biological
materials

osteoclasts

and non-

It would be surprising
if the activity
of
osteoclasts
on plastic,
even when this
is
sulphonated,
would be identical
to that on bone
under identical
culture
conditions.
The eel l
surface
adjacent
to the plastic
and the cell
territory
may be markedly different.
However, it
is possible
to substitute
other, non-biological,
materials
both in vivo and vitro,
and to use
chemically
defined
substrata
for testing
osteoclastic
function.
The interface
between
implant materials
and, in particular,
bone cells
is of obvious clinical
significance.
We have been investigating
the possibility
of discovering
the range of ions that will
provoke the release of effective
demineralising
and deproteinizing
agents by the osteocl asts,
and allow the interface
of the material with the
cell to be characterized
(Jones et al, 1985). As
a preliminary
step,
we have grown calcite
crystals
on sulphonated
polystyrene
dishes so
that the crystals
were distributed
in a nearly
confluent
layer.
We al lowed crystallization
to
proceed until the average face length was about
30 microns so that the crystals
were too large to
be phagocytosed
by the osteoclasts.
Isolated
osteoclasts
seeded on to the calcite
crystals
could be observed during the culture
period by
light
microscopy
(Fig. 32)
and the crystal
interface
with the cell's
ruffled
membrane
characterised
by SEM (Fig. 33). The resorptive
cavity produced in the crystal
by an osteoclast
was clearly
delineated.
Its
volume could be
calculated
using
SEM photogrammetry
and
resorption
expressed
in proton
equivalents
secreted
by the cell.
The sulphonated
polystyrene
has good eel l adhesion properties,
and the interspersion
of this or 'space' between
crystals
meant that double-ended resorption
(such
as occurs in vivo when two or more ruffled
membranes of one osteoclast
are located on a bone
surface with osteoblasts
intervening
between
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1.311812

PARAMETERS
FORMODEL
CURRENT
VALUE

PARAMETER
Persistency Factor
Min diams before turn
Max diams before turn
Min angle of turn
Max angle of turn
Min step (diams)
Max step (diams)
Angle Distribution (l=EVEN)
RandomFactor

Figure 28. Tracks made by isolated
rabbit
cultured
for 48 hours on the cut surface
sawed slice
of male sperm whale dentine.
Fieldwidth
= 220µm.

osteoclast(s)
of a diamond

2
1
2

20
JOO

0.25
0.75
1

942

Figure
29. Track made by computer
model simulated
bone resorption.
The
pattern
traced
by this "eel l" m1m1cs
features
seen in vitro
in fig. 28.

44; 60 PERSISTENCV=
1.676845

PARAMETERS
FORMODEL
PARAMETER
Persistency Factor
Min diams before turn
Maxdiams before turn
Min angle of turn
Maxangle of turn
Min step (diams)
Max step (diams)
Figure 30. Tracks made by chick osteocl asts cultured
for
20 days on the surface
of a slice
of male sperm whale
dentine
(these
osteoclasts
were of marrow origin).
Fieldwidth
= 420µm.
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Figure
31.
Track made by computer
mode 1 simulated
bone resorption.
The
pattern
traced
by this "eel l" mimics
features
seen in vitro
in figure 30.

CELL-MATRIXINTERFACE
them: Fig. 33), could be identified
(Fig. 34).
Resorbing
osteoclasts
had also moved from one
crystal
to another, an observation
that suggests
that their movement on collagenous
mineralized
tissues in vivo and in vitro is not a consequence
of the production of a demineralized
fringe,
but
an inherent
osteoclast
mechanism.
The
substitution
of different
ions and crystal
forms
should
further
test
the
specificity
of
osteoclastic
demineralization
and chemical
parameters that control the final geometry of the
interface.
It is possible
that substances
released
at
the interface
during resorption
by the osteoclast
are adsorbed on to the porous crystal,
and could
be characterized
using immunochemistry,
since
organic substances could not have originated
in
the substrate.
The secretion
of lysozomal
enzymes is presumably
provoked in this system,
although
they would be superfluous,
and these
might be detected.
Certainly,
the sites
where
crystals
have been resorbed
stain with neutral
red after osteoclasts
have left the site.
In vitro
studies
of hard
differentiation:
the importance
interfacing
with the cells.

The level
of impairment in the resorptive
capacity of cells,
leading to osteopetrosis,
can
also be adjudged by surveying
the eel 1-matrix
interface
using SEM. When resorption
is minimal,
its presence
is best detected
using surface
searching
rather
than sectioning.
This holds
true for in vitro assessment too. For example. a
comparison
of the resorptive
ability
of mouse
osteoclasts
from normal and microphthalmic
littermates,
when cultured
on new bony
substrates,
was more easily
made by uncovering
the interface
and surveying
the whole surface.
The absence of resorption
by the cultured
mi/mi
eel ls, in the same conditions
that resulted
in
resorption
by osteoclasts
from normal
li ttermates,
can be more confidently
reported
when all the interface
is examined (unpublished
results).
Conclusions

Although much has been accomplished
in the
last
twenty
years
of investigation
of the
interface
of cells
and their
matrices
in
mineralized
tissues,
our endeavours have mainly
provided qualitative
information of the shape and
texture
of only one side of the interface
- the
matrix
surface.
We have been much less
successful
at imaging the surface of the soft,
changeable, deformable,
living
cells
that abut
the matrix at their common interface.
It is here
that the action takes place,
and here that the
challenge
lies.

tissue
cell
of the matrix

The cell:
matrix interface
is important for
the differentiation
of hard tissue
eel ls, both
those involved
in tissue
formation
and tissue
destruction.
The role of decalcified
bone and
dentine
in the promotion of bone and cartilage
formation
is well documented in vivo and in
vitro.
It has also been found that osteoclasts
will
differentiate
from precursor
cells
when
marrow is cul tu red on embryonic
long bones
(Burger et al, 1982 ; Scheven et al, 1986) or on
untreated
dentine
and cementum and resorb the
tissue
(Fig. 30). Longer term marrow cultures
show resorption
of a dentine substrate
during the
whole of a 6 week culture
period (Jones et al,
1986)
suggesting
that
differentiation
of
precursor
cells
from the marrow was a factor in
the osteoclasts'
longevity
(Marks and Seifert,
1985) and may have been influenced
by the
substrate.
The interface
in pathological

between eel ls
conditions.
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